ABSTRACT We investigated the performance of larvae of the invasive maize, Zea mays L., pest Diabrotica virgifera virgifera LeConte (western corn rootworm) on roots of alternative host plants. During laboratory feeding trials, we measured growth and amount of ingested food and determined the food conversion efÞciency of second instars. We tested eight species of weeds (seven monocots and one dicot) and three monocot crops with regard to host plant suitability by using a newly established method. We additionally examined the carbon/nitrogen ratio and the phytosterol content of the different plant species as parameters to interpret larval performance. Larval growth, the amount of ingested food, and the food conversion efÞciency differed signiÞcantly between plant species. Plant species with a high nitrogen content were less suitable for D. v. virgifera development. The phytosterol content had a signiÞcant inßuence on the amount of ingested food, but not on larval weight gain. The performance of D. v. virgifera larvae on alternative hosts was comparable with their performance on maize. The ability to use alternative hosts for larval development may contribute to the invasion potential of D. v. virgifera and has important implications for integrated pest management.
INVASIVE SPECIES ARE REGARDED as the second most important factor responsible for biodiversity loss (Walker and Steffen 1997) . They also cause heavy monetary losses in national economies (Pimentel et al. 2000) . Although the parameters that determine the success or failure of an invasive species are largely unknown, some factors responsible for a successful invasion have already been determined such as propagule pressure, spreading potential, and the capability of the species to adapt to the biotic and abiotic conditions in its new range (Williamson 1996) . For invasive herbivorous insects, one of the most important prerequisites for successful invasion is to Þnd suitable host plants (Worner 2003) .
When western corn rootworm, Diabrotica virgifera virgifera LeConte (Chrysomelidae, Galerucinae), was Þrst detected in Europe at the beginning of the 1990s, its main host plant, maize, Zea mays L., had already been established as a crop for several hundred years. Therefore, conditions for this leaf beetle to colonize new areas in Europe were excellent. Since its Þrst detection, D. v. virgifera has become established in 14 European countries (EPPO 2003) . D. v. virgifera is considered to be specialized on maize as a host plant (Chiang 1973) . Because D. v. virgifera larvae develop best when feeding on maize roots Ortman 1967, 1970) , one of the most widely used cultural practices to prevent larval damage in the United States is crop rotation (Gray et al. 1998) . Female beetles lay their eggs in maize Þelds, where the eggs diapause over winter (Chiang 1973) . When a different crop other than maize is planted the following year, hatching larvae encounter only unsuitable host plants and thus cannot survive. At the beginning of the 1990s, a strain of D. v. virgifera became established in the Corn Belt that seemed to have adapted to this rotation practice by oviposition in soybean Þelds, which would then be rotated to maize Þelds the following year (Gray et al. 1998) . D. v. virgifera females are known to prefer to oviposit near clumps of monocot grasses, Setaria spp., rather than in bare soil or near the stalks of harvested maize (Johnson and Turpin 1985) . Larval movement is limited, and larvae are orienting themselves along a CO 2 gradient without using speciÞc volatile substances (Bernklau and Bjostad 1998) . They are unable to discriminate between the roots of different plant species from a distance but only after contact (Strnad and Dunn 1989) . Thus, they either have to feed on the roots of those plants, which they encounter Þrst or risk starvation during the search for a more appropriate host plant. However, D. v. virgifera larvae are known to feed and survive on several monocot species (Branson and Ortman 1970) The nitrogen content (Slansky and Scriber 1985) and the phytosterol content (Svoboda and Thompson 1985) are two parameters used to explain the performance of herbivores on a speciÞc host plant. The inßuence of nitrogen on insect performance has been well documented by Ͼ200 studies reviewed by Scriber (1984) . The carbon/nitrogen (C/N) ratio may be considered as a parameter to explain the performance of herbivore insects on different host plants. Another group of compounds, which play an important role in insect performance, are phytosterols. These isoprenoid derived plant compounds are essential components of cell membranes and serve as precursors of molting hormones (ecdysteroids) in many insects (Svoboda 1984) . Insects, and many other invertebrates, are unable to synthesize the steroid nucleus. Metabolic constraints may limit which sterols support normal growth and development (Behmer and Elias 2000) . We therefore analyzed the C/N ratio and the phytosterol content of the plants fed to the D. v. virgifera larvae to correlate larval performance with these plant parameters.
Materials and Methods
We used gravimetric methods to determine the efÞciency of converting plant biomass into body biomass for D. v. virgifera larvae. Following the method established by Waldbauer (1968) , it was necessary to Þrst obtain both the initial fresh weight of the larvae and of the food and also the Þnal dry weight of both. Usually, larval weight will increase with decreasing weight of the food item. This relationship (efÞciency of conversion of ingested food [ECI] ) is calculated as follows: ECI ϭ (weight gain of larvae/weight loss of roots) * 100.
An important prerequisite when calculating an ECI in feeding studies is a linear relationship between the initial and the Þnal weight of larvae (Raubenheimer and Simpson 1992) . Therefore, we plotted our data with respect to this assumption before calculating the ECI for each host plant. Several samples, however, revealed a negative value for the amount of ingested food, we were not able to use all data (compare with the equation above). To achieve an improved comparability, the calculations were performed with dry weights. This method requires aliquots to estimate the initial dry weights of larvae and food items. Twenty samples from each host plant species and 30 samples for larvae aliquots were used.
The experiments were started with 40 replicas per plant species; thus, 40 larvae and 40 root pieces were used in pairs. The number of larvae and roots used in the statistical analysis ranged from 28 to 35 per plant species due to larval mortality during the experiment.
We performed the feeding trials using 11 plant species. All but one were members of the Poaceae family. We selected the weed species to be tested in our design on the basis of weed abundance in Hungarian maize Þelds. During a study on the use of alternative host plants by adult D. v. virgifera, we sampled the diversity and abundance of weeds in maize Þelds in southern Hungary (Moeser and Vidal 2003b) . The sampling was carried out for 10 wk in 12 Þelds with one transect per Þeld, which was altered weekly. A single transect comprised the area between two rows of maize at a length of 20 m. The maize rows were numbered and the transects were run following a random number generated by a pocket calculator. An additional randomly generated number between 0 and 30 was used as the starting point for the transect, indicating the distance from the Þeld margin. In each transect, the number of individual plants per species was counted. Amaranthus sp. was the most common weed, whereas grasses occupied the second rank in weed abundance. Because D. v. virgifera larvae are known to survive only on roots of monocot plants, we concentrated on the different grass species (Table 1) , rather than testing other dicot weeds. All weed seeds were collected from weeds in the sampled maize Þelds. The seeds were stored at 15ЊC for 8 mo before being used. Additionally, we obtained seeds of monocot crops, which are grown in southern Hungary: Sorghum halepense L. and Sorghum bicolor L. We also included winter wheat, Triticum aestivum L., in our tests, because it is the most common monocot crop in central Europe. The same experiments as described below also were performed using 17 European maize varieties (Moeser and Vidal 2003c) . The two highest values for mean larval weight gain, mean amount of ingested food, and mean ECI are given in the results for comparison. The plants were grown in a greenhouse for 10 wk. The winter wheat was vernalized for 2 mo at 4ЊC before planting. The substrate was onehalf sand and one-half potting soil (RTS spezial, Ö kohum GmbH, Dransfeld, Germany). This mixture was used because it could be easily removed from the roots by washing. Only primary roots with a diameter of 1Ð2 mm, which derived from the root zone 5Ð10 cm away from the stem base, were used. The roots obtained were cleaned thoroughly and cut into pieces ranging from 0.8 to 0.9 g of fresh weight. The amount of roots used in the experiments was calculated from simultaneous experiments by using maize roots. According to data obtained from these experiments, D. v. virgifera larvae are able to consume up to 0.7 g of fresh weight of roots in a 6-d feeding trial. After introducing the roots into the experimental test tubes, sufÞcient vermiculite (Klein GmbH, Zellertal, Germany) was added to completely surround and cover the roots. The test tubes and the vermiculite were autoclaved before to avoid contamination with bac-teria and fungi. The moisture content was subsequently adjusted to a level of a moist but not saturated environment (Ϸ2.5 ml of water in this design). Free water droplets were avoided, because larvae got trapped in these droplets, which increased in size as the larvae moved around and Þnally led to immobility and suffocation. Details for the experimental design are given in Moeser and Vidal (2003a) .
The larvae used in the experiments were obtained by the following protocol derived from Jackson (1986) : The eggs of D. v. virgifera were acquired from females caught in the Þeld in southern Hungary. They were kept in cages and were allowed to oviposit for 2.5 mo. The eggs were stored for a minimum period of 5 mo at 8ЊC. At the beginning of each experiment, the required number of eggs were incubated for 2 wk at 26ЊC and 60% RH. Five days before the Þrst larvae were expected to hatch, 50 g of maize seeds was mixed with 200 g of regular potting earth and thoroughly moistened. The growing maize plants served as food for the larvae until they were extracted by a modiÞed Berlese funnel (Ϸ16 d after Þrst hatch). This modiÞed extraction method comprised of a sieve of 0.7-cm mesh size, which was placed over a water container. The earth from the small containers with the plants and larvae was placed into the sieve, and a light bulb was positioned above. The heat and moisture gradient forced the larvae to move downwards and to Þnally fall into the water container. They were then skimmed off the water surface every 10 min, placed on moist Þlter paper, and used in the experiment. Only second instars of a weight ranging from 1.0 to 2.9 mg of fresh weight were used in the experiments. The restriction to a single age/size class was necessary because larvae from this particular class proved most suitable regarding the results of these experiments (Moeser and Vidal 2003a) . The Þrst instars were not used because the larvae were too sensitive to changes in their environment, such as moisture or food. The extracted larvae were weighed and placed inside the test tubes on top of the vermiculite embedded root pieces. The tubes were closed and kept in darkness at 26ЊC and 60% RH. After 6 d, the larvae and roots were extracted, dried for 3 d at 80ЊC, and weighed. A Þne scale (model Micro MC5/SC2, Sartorius GmbH, Goettingen, Germany) was used to measure up to 0.001-mg differences in larval weight.
C/N Analyses. For C/N analyses, a sufÞcient amount of roots, which also were obtained during the preparations for the feeding trials, were dried at 80ЊC for 3 d. Thirty milligrams of dry roots of each variety was then pooled because single roots did not have sufÞcient weight to be examined individually. The 30 mg was Þnely ground, and three samples of 5 mg dry weight were taken. These were compared with a standard of 5 mg of acetanilide (Merck GmbH, Darmstadt, Germany) every 20 samples in a C/N analyzer (model Vario EL III, Elementar Analysensysteme Hanau GmbH, Hanau, Germany). The known quantity of C and N in the standard allowed for the calculation of the amount of these elements present in each root sample. The C/N ratio was subsequently determined.
Sterol Analyses. The method used for sterol extraction and processing was modiÞed from Newton (1989) . While preparing the roots for the feeding trials described above, three samples of roots per plant species weighing 0.5 g (fresh weight) each were deeply frozen in liquid nitrogen and stored at Ϫ20ЊC until further processing. To extract the phytosterols the roots were ground to a Þne powder under liquid nitrogen by using a mortar. To each sample a mixture of 5 ml of 10 M potassium hydroxide solution, 15 ml of 96% ethanol and 0.3% pyrogallol (Merck GmbH) was added. An ultrasonic homogenizer (model Sonoplus HG 2200/UW 2200, 200 W, 20 kHz, Bandelin GmbH, Berlin, Germany) was used for 30 s to enhance further cell breakdown and to free the solution from microscopic air bubbles trapped inside the vial. The samples were subsequently kept in a shaker water bath at 80ЊC for 2.5 h. After cooling the samples to room temperature, 40 l of an internal standard were added (cholesterol 4 mg/ml chloroform, Merck GmbH). The sterols were extracted by applying 10 ml of hexane to each sample. After thorough shaking for 10 s, the hexane fraction was transferred to a rotary evaporator ßask with an Eppendorf pipette. This extraction step was repeated once. The total of 20 ml of hexane solution was washed with 1 ml of demineralized water, which was then extracted with an Eppendorf pipette. Host plants used in feeding trials with D. v. virgifera larvae. The order is the same as in the figures 1-3 The samples were distilled using a rotary evaporator and a water bath of 42ЊC. The pertaining sterols were dissolved in 1.5 ml of hexane through gentle shaking and transferred to 1.5-ml Eppendorf cups. After centrifugation at 10,000 rpm for 10 min. the supernatant was transferred to vials, and the hexane was evaporated overnight at 50ЊC in a hot block. The sterols were then resolved in 240 l of hexane and 60 l of N,Obis(trimethylsilyl)trißuoroacetamide (Fluka/RiedeldeHaen GmbH, Hannover, Germany) and incubated at 70ЊC for 20 min. One microliter of each sample with a split of 1:50 of extracted sterols was analyzed using a gas chromatograph (model GC14/15A, Shimadzu GmbH, Duisburg, Germany) with a ßame ionization detector. The samples were run on a fused silica column (SPB-1; 1.3m ϫ 0.32 mm, 0.25-m Þlm thickness, Supelco Inc./Sigma-Aldrich, Hannover, Germany). Helium was used as a carrier gas, the make-up gas was synthetic air with a linear velocity of 35 cm/s. The temperature program was initially 5 min at 180ЊC and then increased to 290ЊC at 4ЊC/min with a 20-min postrun time. The detector temperature was 300ЊC. Peak areas of the individual sterols were calculated using an integrator and the internal standard. The sterols represented by each peak were identiÞed beforehand using gas chromatograph-mass spectrometry with synthetic sterols as comparisons. The individual peak areas were summed, which resulted in the total sterol content. Statistics. To estimate differences regarding the larval weight gain and the amount of ingested food an analysis of covariance (ANCOVA) was performed.
The weight gain of the larvae or the amount of ingested food was used as the dependent variable, whereas the initial fresh weight of the larvae served as the covariate to correct for an eventual bias due to different initial weights (Raubenheimer and Simpson 1992, Horton and Redak 1993) . For a pairwise comparison between the host plants, an analysis of variance (ANOVA) with a Bonferroni adjustment was performed. Systat 10 for Windows (SPSS Inc. 2000) was used for computation. To correlate two variables, we performed linear regression analysis using SigmaPlot 2000 for Windows 6.0 (SPSS Inc. 2000).
Results
The weight gain of D. v. virgifera larvae on alternative host plants ranged from positive to negative values (Fig. 1 ). There were signiÞcant differences between the different plant species with regard to larval weight gain (F ϭ 2.99; df ϭ 10, 265; P ϭ 0.002). Additionally, the initial fresh weight of the larvae used as the covariate had a signiÞcant inßuence on weight gain (F ϭ 18.63; df ϭ 10, 265; P Ͻ 0.001). Three common weeds and winter wheat yielded positive mean weight gain; all other plant species tested yielded a mean weight loss. However, in Eragrostis sp. and S. bicolor, several larvae of D. v. virgifera displayed considerable weight gain as indicated by the positive standard error. The mean weight gain of larvae feeding on S. glauca (0.11-mg dry weight Ϯ 0.03 SE) and Panicum miliaceum L. (0.11-mg dry weight Ϯ 0.08 SE) were exceeding the highest weight gain of larvae feed- ing on maize roots. The highest values feeding on maize roots were 0.1-mg dry weight Ϯ 0.03 SE and 0.08-mg dry weight Ϯ 0.02 SE.
SigniÞcant differences were measured with respect to the amount of ingested food on the different host plants (ANCOVA: F ϭ 6.82; df ϭ 10, 265; P Ͻ 0.001; Fig. 2 ). The initial fresh weight of larvae used as a covariate had no signiÞcant inßuence on the amount of feeding (ANCOVA: F ϭ 0.38; df ϭ 10, 265; P ϭ 0.58). The host plants, which yielded the highest larval weight gain, were not the ones that were fed on most. The most pronounced feeding occurred on roots of Setaria verticillata (L.) Beaur which resulted in considerable weight gain, followed by Eragrostis sp., which led to a mean weight loss although some individuals showed an increase in weight. Cynodon dactylon (L.) Pers. was ranked third, which was the most unsuitable plant species with regard to larval weight gain. The lowest amount of feeding occurred in those plant species, which were unsuitable for larval development. The other species showed intermediate feeding rates. The highest mean feeding rates (S. verticillata 5.04-mg dry weight Ϯ 0.46 SE; and Eragrostis sp., 4.24-mg dry weight Ϯ 0.55 SE) were in the same range as the highest mean feeding rates on maize roots (6.4-mg dry weight Ϯ 0.75 SE and 4.71-mg dry weight Ϯ 0.41 SE)
The larval weight gain was signiÞcantly correlated to the amount of ingested food; however, the linear regression accounted for only 4% of the variability (R 2 ϭ 0.039, F ϭ Ϫ0.016 ϩ 0.012x, P ϭ 0.02). A highly signiÞcant linear relation was found between the initial and the Þnal weight of the larvae in our study (R 2 ϭ 0.92, F ϭ 0.07 ϩ 0.81x, P Ͻ 0.0001; compare Materials and Methods for linear relationship as prerequisite for ECI).
The ECI showed a similar pattern (Fig. 3 ) compared with the values for weight gain of D. v. virgifera larvae. Those plant species on which larvae gained weight had a positive ECI, whereas those plants that showed a decrease in larval weight had a negative ECI. Significant differences could be observed between the host plants that allowed for highest food conversion efÞ-ciency (S. glauca) and the two host plants that resulted in the lowest efÞciency (C. dactylon and S. halepense) (F ϭ 1.97; df ϭ 10, 180; P ϭ 0.04). The initial fresh weight of the larvae used as the covariate had no signiÞcant inßuence on this result (F ϭ 0.21; df ϭ 10, 180; P ϭ 0.65). The highest mean efÞciency was reached when feeding on S. glauca (3.41 Ϯ 0.93 SE) and on P. miliaceum (2.37 Ϯ 1.98 SE). These ECI values were in the same range as the highest efÞcien-cies reached when feeding on maize tissue (4.55 Ϯ 1.85 SE and 3.61 Ϯ 1.24 SE).
The weight gain of D. v. virgifera larva was not signiÞcantly correlated (P ϭ 0.07) to the amount of nitrogen determined in the root tissue (Table 2) . Furthermore, it also was not correlated to the carbon content and the C/N ratio. SigniÞcant linear relationships were observed between the amount of ingested food and the carbon and the nitrogen content as well as the C/N ratio (Table 2) .
Five major sterols were detected: brassicasterol, campesterol, methylcholesterol, sitosterol, and stigmasterol. The individual amounts were summed up after integrating the peak areas to result in the total sterol content. There was no linear relationship between the overall sterol content and the mean larval weight gain (R 2 ϭ 0.015; F ϭ 0.03 Ϫ0.0004x; P ϭ 0.72; Fig. 4 ), but we encountered a signiÞcant relationship between the overall sterol content and the amount of ingested food (R 2 ϭ 0.33; F ϭ Ϫ3.05 ϩ 0.024x; P ϭ 0.05; Fig. 4 ).
Discussion
D. v. virgifera larvae were able to survive and grow on various monocot host plants other than maize. Our data suggest that several weed species as well as winter wheat are as suitable as maize roots for larval development (Moeser and Vidal 2003c) .
D. v. virgifera larvae are able to develop on several other grasses from the Poaceae family, but they exhibit a drastically reduced survival rate Ortman 1967, 1970) . Our results do not contradict these Þndings. However, growth and feeding on grass weeds and crops is comparable in magnitude to maize (Moeser and Vidal 2003c) . Because we provided excess food to avoid starvation of the larvae, it seems that in some cases, such as S. glauca or T. aestivum, it is not the quality of the food but the quantity that limits D. v. virgifera survival. Root distribution and the threedimensional geometry in the soil under natural conditions may not be advantageous for D. v. virgifera larvae. We suggest that monocot host plants other than maize may indeed provide sufÞcient food to support substantial larval feeding when grown at high densities.
The potential of D. v. virgifera to develop on T. aestivum has been clearly demonstrated. Thus, a crop rotation, including maize and winter wheat, could lead to D. v. virgifera populations adapted to winter wheat as a host plant in certain situations where the phenology of wheat is appropriate for larval growth, such as it is in central Europe. The adaptation of D. v. virgifera to the U.S. soybean, Glycine max (L.) MerrillÐmaize crop rotation system has led to damage on Þrst-year corn planted after soybean, but not to soybean. Rotation with winter wheat would offer D. v. virgifera a potentially suitable host, so even host switching may be selected for. Whereas Eragrostis sp. and Setaria italica (L.) P. B. were considered suitable for larval development (Branson and Ortman 1970) , we only found some individuals to be able to grow on Eragrostis sp., and none developed on S. italica. However, some larvae were able to grow on S. bicolor, which was considered to be unsuitable for D. v. virgifera because of the hydrocyanic acid present in its roots (Assabgui et al. 1993) .
We encountered pre-as well as postingestive effects of host plants on D. v. virgifera in our feeding trials. When the larvae did not feed on a given host (S. italica) or fed only very little [S. halepense and Echinochloa crus-galli (L.) P. B.] preingestive effects such as antibiosis may be attributable for this interaction. In other cases, D. v. virgifera larvae were feeding substantially on weed species such as C. dactylon but did not gain any weight. Here, postingestive effects on D. v. virgifera larvae have to be considered, where essential nutritive compounds may be missing (see "Phytosterols" below), or substances are present that prove detrimental for larval development after ingestion.
C/N Ratio. The carbon-nutrient balance hypothesis (CNBH) aims at interpreting the plants point of view of an herbivoreÐplant interaction (Hamilton et al. 2001) . The CNBH predicts an increase of nitrogenbased defense compounds such as alkaloids (Lerdau and Coley 2002) if nutrients are abundant, but light is limited. Because the plants we used in the feeding trials were grown in the greenhouse with sufÞcient nutrients available, we prefer to suggest light to be the limiting factor. Because D. v. virgifera fed less and gained less weight on those varieties with a high nitrogen content, we conclude that N-based defense compounds may be responsible. The hypothesis of the existence of a carbon-based defense could be rejected, because D. v. virgifera larvae were feeding more on those host plants that contained more carbon.
Phytosterols. Feeding behavior of D. v. virgifera was strongly inßuenced by phytosterol content. Whereas the larvae were feeding more on those plants with a high phytosterol content, they did not gain more weight on these plants. Sterols are essential nutrients for insects, but metabolic constraints can limit which phytosterols support normal growth and development (Behmer and Elias 1999) . Thus, a relative decrease in one sterol compared with others would lead to an increase in feeding to compensate for the deÞcient component. It is unknown which phytosterols are metabolized by D. v. virgifera. As could be shown for Phyllotreta cruciferae Goeze, altered phytosterol content in Brassica napus L. resulted in reduced survival and prolonged larval stages (Bodnaryk et al. 1997) . Helicoverpa zea (Boddie) reared on an artiÞcial diet displayed a huge variety of responses, when fed different sterols at different compositions (Nes et al. 1997) . When the grasshopper Schistocerca americana Drury was confronted with sterols of spinach, Spinacia oleracea L., the results revealed a mixture of suitable and unsuitable sterol components, where the latter acted as feeding deterrents (Behmer and Elias 1999) . This may explain the antibiosis effect we demonstrated with several plant species in our study. When confronted with nonhost phytosterols, the specialist herbivore Plutella xylostella L. exhibited reduced growth, whereas growing best when the composition of sterols were similar to the composition of sterols in its host plant (Behmer and Grebenok 1998) . Whether the sterol composition of the host plants we tested resembles the sterol composition in maize remains to be investigated.
We conclude that D. v. virgifera larvae generally can use alternative hosts for larval development and may do so under natural conditions. Observations under Þeld conditions of the use of alternative hosts are still lacking because of the difÞculties in sampling alternative host plants and the low abundance of monocot crops other than maize in the main distribution area of D. v. virgifera, the Corn Belt. Weeds could be used as reservoirs for D. v. virgifera larvae to develop on in the absence of maize. Other monocot crops such as winter wheat are likely to be affected as well. To what extent these host plants are used by D. v. virgifera will be determined by the selection pressure imposed, for example, by crop rotation. If used incorrectly this cultural practice could in fact select for D. v. virgifera by using other monocot crops such as winter wheat or monocot weeds. The success of eradication programs, even in situations with no maize production, seems unlikely in the light of our results.
